γ-graphdiyne is a 2D carbon structure beyond graphene: it is formed by sp and sp 2 carbon atoms organized as hexagonal rings connected by linear links, and it is predicted to be a semiconductor. The lateral confinement of γ-graphdiyne nanoribbons can affect the electronic and vibrational properties, even in complex ways. By means of periodic Density Functional Theory (DFT) calculations we investigate here the electronic band structure, the Raman and IR spectra of the γ-graphdiyne 2D crystal and related nanoribbons. We discuss the effect of the functional and basis set on the evaluation of the band gap, highlighting the reliability of hybrid functionals. By joining DFT calculations with a symmetry analysis, we assign in detail the IR and Raman spectra of γ-graphdiyne. On this basis we show the modulation of the gap in nanoribbons of increasing width and different edges (armchair, zigzag). We assess how confinement affects the Raman and IR spectra of such nanoribbons by comparing their vibrational modes with the phonons of the parent 2D crystal. Our symmetry-based classification allows identifying the marker bands sensitive to the edge structure and lateral confinement of nanoribbons of increasing width. These results show the effectiveness of vibrational spectroscopy for the characterization of such nanostructures.
delocalization vs. confinement on the spectra of GDYNRs call for an investigation of the spectroscopic markers useful for the characterization of nanoribbons with different width and edge topology. Even if the experimental spectra of these material are not available so far, we think that the theoretical study of their vibrational states can highlight several aspects related to the peculiar electronic and molecular structure of GDY and GDYNRs, and to the effectiveness of vibrational spectroscopy techniques for molecular recognition and characterization. Here, we have computed the electronic structure of 2D-GDY by periodic DFT simulations (CRYSTAL code) adopting different functionals and basis sets. Thereafter, we have focused on the prediction and assignment of IR and Raman spectra. We have analyzed GDYNRs as a function of the nanoribbon width and edge-type (armchair or zigzag), disclosing the modulation of the band gap, and peculiar markers in IR and Raman that are sensitive to the lateral confinement and to the molecular structure of the edges.
Computational Details
Geometry optimization, band gap evaluation and prediction of IR and Raman spectra have been carried out for the two-dimensional (2D) crystal γ-GDY (also called (6, 6, 6) -graphdiyne and hereafter referred as 2D-GDY) and for GDYNRs, treated as one-dimensional (1D) crystals, by employing DFT simulations and applying Periodic Boundary Conditions in two and one dimensions respectively. The CRYSTAL17 code [30, 31] has been adopted to this aim, exploiting the possibility to employ hybrid exchange-correlation functionals together with Gaussian basis sets. In the case of 2D-GDY, for which reference theoretical data are already available in the literature both considering band gaps [5, 6] and Raman spectra [27] , LDA (VWN), GGA (PBE and BLYP) and hybrid functionals (PBE0, HSE06, B3LYP) have been considered with 6-31G(d,p) basis sets. For PBE0 and HSE06 only, also the more extended Ahlrichs VTZ + Polarization basis set [32] has been used. This allowed analyzing the reliability of different functionals, including hybrid ones, and the influence of basis set in the prediction of the band gap. PBE0/6-31G(d,p) and HSE06/6-31G(d,p) levels of theory have been then chosen to predict the gap of the different GDYNRs of different width, while, among these, Raman spectra could be computed only at PBE0/6-31G(d,p) level in CRYSTAL17 since HSE06 is not yet implemented for Raman response. Our previous experience in the prediction of the Raman response of several sp-carbon based molecular systems shows that this functional provides a good agreement vs. experimental data [33] [34] [35] . According to the discussion reported in Ref. [36] , the exponent of the diffuse sp orbitals in 6-31G(d) basis set of carbon atoms have been increased from 0.1687144 Bohr -2 to 0.187 Bohr -2 to avoid convergence problems in the SCF cycles, due to basis sets linear dependencies. For the same reason, when using the VTZ basis set, the exponent 0.12873135 Bohr -2 of one the s function and the exponent 0.10084754 Bohr -2 of one the p functions have been changed to 0.153 and 0.12 Bohr -2 respectively. Considering other parameters of the CRYSTAL simulations, the tolerance on integral screening (TOLINTEG parameters) have been fixed to 9, 9, 9, 9, 80 , while the shrink parameter s defining Monkhorst-Pack sampling points have been fixed to 100 for the calculation of the band structures and gaps and 50 for the vibrational analysis. In both case, full convergence on the total energy had been obtained. Since, in absence of experimental data, the comparative analysis here presented concerns calculated spectra, it does not require the usually adopted scaling of the transition frequencies. The paper reports unscaled wavenumber values both in the discussion and in the Figures: a suitable scaling factor could be defined [37] whenever comparing these theoretical spectra with experimental ones.
Results and Discussion
To present the results coming from DFT calculations of 2D-GDY and of three series of nanoribbons, we refer to the nomenclature introduced in previous papers [5, 6, [21] [22] [23] . Armchair and zigzag are indicated by A(n)-GDYNR and Z(n)-GDYNR, respectively, where the index n refers to the width of GDYNR, which is an integer value for A(n)-GDYNR (n = 1, 2, … 5) and integer or half integer value in the case of Z(n)-GDYNR (n = 1, 3/2, … 5), as depicted in Figure 1 . Such GDYNRs models can be classified according to the proper line-symmetry groups, isomorphs to D2h group in the case of A(n)-GDYNRs and Z(n)-GDYNRs with half integer n. Z(n)-GDYNRs with integer n, belong to the C2v group. For all GDYNRs, hydrogen atoms have been added at the edges as end-groups, in agreement with most of the previous computational works [5, 6, [21] [22] [23] . This choice is reasonable also from the experimental point of view, based on the finite GDY fragments that have been synthetized in the past [17] . To assess the influence of the edge type on both electronic and vibrational properties, we have considered also the A(1) and Z(1) systems, which correspond to co-polymers formed by alternated diacetylenic and phenyl-rings units connected respectively in para-and meta-positions [38] . These two limiting cases represent a reference system formed by just the edge of A(n)-and Z(n)-GDYNRs.
Figure1: Sketches of the armchair (An) and zigzag (Zn)-GDYNRs investigated in this work. n is the index representing the nanoribbon width.
We report in the Supplementary Material the lattice parameters and fractional coordinates of the optimized structure of all the systems here investigated. There we also include the computed wavenumbers, IR intensities, Raman activities, and graphical representations of the normal modes of 2D-GDY and of the main GDYNR markers discussed in the text.
Electronic properties of 2D γ-graphdiyne and its nanoribbons
As in the case of other carbon-based polyconjugated materials, the correct prediction of the gap suffers from the limitations of current DFT pure functionals in describing accurately π -electron delocalization, with a tendency to overestimate its effect, thus causing unrealistically low predictions of the band gap. For instance, the gap of 2D γ-GDY reported in the literature changes from about 0.4 eV (LDA), 0.5 eV (GGA) to 0.9 -1.1 eV when employing hybrid functionals or the GW method. The latter values are considered more reliable [5, 6, 12, 24] . In fact, it is well-known that hybrid functionals significantly improve the accuracy in the description of π-electron delocalization, but their use is not convenient when employing plane waves and pseudopotential methods to carry out DFT calculations in periodic systems. A useful alternative is provided by Gaussian basis sets, which allow to use hybrid functionals at an acceptable computational cost: this approach is implemented in the CRYSTAL code [30] [31] which offers the valuable opportunity to extend to infinite systems the same computational approach typical of finite molecular systems. As illustrated in previous papers [5, 6] , the gap in the band structure of γ-GDY is found at the Γ point ( Figure 2 ).
Figure 2: Electronic band structure of 2D-GDY (PBE0/6-31G(d) DFT calculation).
We report in Table 1 the band gap computed by employing different LDA, GGA and hybrid functionals. For PBE0 and HSE06 we also provide the comparison of the results produced by a double-ζ basis set (6-31G(d)) vs. a triple-ζ basis set (VTZ). We note that the effect of the basis set is less important than the choice of the functional: indeed, both for PBE0 and HSE06, adopting the more accurate VTZ basis set gives in both cases a gap which is just about 0.05 eV larger than the values obtained with 6-31G(d) basis set. Therefore, we can suppose that the latter basis set is sufficiently accurate to model the properties of this system. Considering LDA and GGA functionals (PBE, BLYP), we obtain band gaps of 0.4 (LDA), 0.45 (PBE) and 0.48 eV (BLYP), in full agreement with previous calculations. As expected, hybrid functionals provide higher values of the band gap: 1.6 eV (PBE0), 1.4 eV (B3LYP) and 1.1 eV (HSE06). The latter value agrees with the result of GW calculations, usually taken as an accurate reference value. This also agrees with the fact that HSE06 has been found to give a more accurate prediction of band gaps with respect to the parent PBE0 functional [39] .
We consider now zigzag and armchair GDYNR, and we plot in Figure 3 the gaps of A(n)-GDYNRs and Z(n)-GDYNRs as a function of the n index (n  5); in Figure 3 we also compare the gaps of GDYNRs with the values found for 2D-GDY (i.e., n → ). Table S2 of the Supplementary Material. The value band gap of 2D-GDY is also indicated as a comparison by the horizontal lines.
Several works report that the gap of confined GDY is larger than the gap of the infinitely extended 2D GDY: the gap of confined GDY decreases for increasing size, towards the limit of 2D-GDY [5, 6, [21] [22] [23] . Confinement effects caused by the finite width of GDYNRs (n) modulate the gap, similar to the behavior of graphene nanoribbons with respect to the graphene crystal. As show in Figure 3 this modulation of the gap spans a range of about 1 eV (for n  2 ). As expected, the values obtained with the HSE06 functional are systematically lower than those obtained with PBE0. However, both functionals essentially describe the same behavior. Interestingly, while for n > 3 the trends are the same for both edges, for small widths (n < 3), Z(n)-GDYNRs have a larger gap with respect to A(n)-GDYNRs. The reason for this result is evident if we consider the gaps obtained for the limiting case (n = 1) of the 1D polymers A(1) and Z(1) ( Figure 1 ). Both polymers can be described as sp-carbon segments of four carbon atoms (i.e., diacetylenic units) interconnected by phenyl rings. The connection on these rings can be done along three different conjugation paths, corresponding to para-, meta-and ortho-connections. As highlighted by Tahara et al. investigating the case of graphyne fragments [38] , A(1) corresponds to a para-conjugated system where the delocalization of π-electrons along the system occurs more efficiently, thus promoting the lowest gap. Conversely, the meta-conjugation characteristic of Z(1) reduces π-electron delocalization, which justifies the higher band gap. As expected, the influence of the edge type is effective for small widths, but rapidly decreases for increasing width. For n > 3 the edge type (A-or Z-) has a very limited influence on the gap, even if the gap remains still quite far from the n→  limit of the 2D-GDY crystal.
Vibrational spectra and optically active phonons of 2D γ-GDY
The phonons of 2D-GDY at the  point can be classified according to the D6h point group, which is isomorphic to the P6/mmm layer group of the crystal. The structure of the representation of the D6h point group in the vibrational space is: Γ vib = 3A1g + 2A2g + 3B2g + 3E1g + 6E2g + 2A2u + 5E1u + 3B1u + 3B2u + 3E2u. A1g, E1g and E2g phonons are Raman active, whereas A2u and E1u are IR active; the rest of the irreducible representations (A2g, B2g, B1u, B2u, E2u) are inactive. Therefore, 12 peaks (9 of which are double-degenerate), are expected in the first-order Raman spectrum, and 7 absorption bands (5 double-degenerate) in the IR spectrum. Furthermore, since the D6h point group possess inversion symmetry, there is mutual exclusion between IR and Raman transitions. We report in Figure 4 the Raman and IR spectra of 2D-GDY computed by DFT. Our calculations provide a pattern of the Raman spectrum which is similar to the one determined by Zhang et al. adopting LDA and plane wave pseudopotential method [27] . The labels used in Figure 4 to identify the different Raman lines have been chosen analyzing the related vibrational eigenvectors, to suggest possible correlations with the vibrational transitions of related materials (e.g., G and D Raman lines of graphene). Table 2 (Appendix) shows the basis set of the stretching coordinates and the symmetry-adapted vibrational coordinates defined accordingly. The high symmetry of 2D-GDY allows to draw several conclusions on the vibrational displacements of individual phonons at , and to obtain information about allowed and forbidden dynamical couplings among vibrational coordinates. The conclusions reached based on the analysis of symmetry coordinates are general, and of course independent from the level of theory adopted for spectra simulations. The analysis presented here is limited to CC stretching internal coordinates: indeed, in 2D-GDY, CC stretching modes dominate the vibrational spectra above 1000 cm -1 , giving rise to the strongest Raman and IR transitions. Crystal redundancies and several local redundancies (i.e., ring redundancies) [40, 41] involve both bending and stretching coordinates, thus intrinsically determining a coupling among bending and stretching displacements. However, we can obtain a sound description of the most relevant normal modes, limiting ourselves to the analysis of their stretching component.
CC stretching symmetry coordinates.
The following internal coordinates belonging to the reference unit cell ( Table 2 ) allow describing the CC stretching subspace: 1) six equivalent CC stretchings of the aromatic ring, { ; = 1 … 6} 2) CC stretchings of the bonds of the six polyyne arms. Each arm contributes to the reference cell with one half of its bonds, whose stretching coordinates are described by three sets, namely: { ; = 1 … 6}, { ; = 1 … 6}, and { ; = 1 … 3}. refers to "single" bonds linked to the aromatic unit, are "triple" bonds stretchings, and are the stretching coordinates of the central CC bonds, which carry inversion centers. Each is shared with an adjacent crystal cell, so that only three coordinates are associated to the reference cell.
To highlight correlations with the normal modes of a simple diphenyl-polyyne molecule it is very useful to adopt a description of the phonons using the displacement patterns involving the six polyyne arms (actually diynes, each consisting of 5 CC bonds). This description is obtained by introducing the group symmetry coordinates of the individual polyyne chains (Table 2 .b). Accordingly, we obtain the following sets of equivalent coordinates; every set contains the six group coordinates associated to each polyyne arm:
Thanks to translational symmetry, it is immediate to verify that the sets { + }, { + }, and { } are involved in phonons of "gerade" symmetry (Raman active). IR active "ungerade" phonons do involve { − } and { − }. According to D6h symmetry, each set gives symmetry coordinates belonging to A1g, E2g, B2u and E1u species, as described below.
(a) the A1g subspace is spanned by 4 Ag symmetry coordinates. These correspond to the in-phase combinations of the internal (or group) coordinates belonging to the different sets, which originate the symmetry coordinates 1 , 1 + , 1 + , 1 defined in Table 2 .c. It is important to note that the 3
A1g Raman active phonons are linear combinations of these four A1g symmetry coordinates. Notice that the four dimensional A1g subspace contains a crystal redundancy (i.e., the in-phase combination of the four A1g stretching coordinates, which describes a simultaneous stretching of all CC bonds belonging to each cell, and which would imply a change of the crystal volume).
(b) 4 phonons belonging to the E2g subspace can be described as linear combinations of the 4 E2g symmetry coordinates ( 2 , 2 + , 2 + , 2 ). The remaining 2 E2g phonons predicted for 2D-GDY can be accounted for by introducing bending coordinates. (d) B2u is the last symmetry species involving stretching coordinates, and it is associated to phonons inactive in the vibrational spectra. It contains 3 phonons which are linear combinations the B2u symmetry coordinates 2 , 2 − , 2 − . Based on the structure of the representation, we expect one further B2u phonon associated to bending displacements.
A2u IR-active phonons cannot be described by the chosen basis set made of just stretching coordinates: according to the character table, A2u phonons must involve out-of-plane displacements, such as those associated to out-of-plane bending and torsions. For this reason, such phonons are expected to lie in the low-wavenumber region of the IR spectrum (indeed, for 2D-GDY they are computed by CRYSTAL at 183 and 485 cm -1 respectively, showing in both case a negligible IR intensity, see Supplementary Material).
DFT calculations supply the nuclear displacements of the phonons, which are used to draw the graphical representation of the vibrational patterns associated to the most relevant Raman and IR bands (see Supplementary Material) . The inspection of these graphics provides a description of such phonons as linear combinations of the symmetry coordinates introduced above.
Raman and IR assignment
It is well-known that the marker bands of sp-hybridized CC bonds are found in the 2000-2500 cm -1 range [2, 25] . Indeed, the Y and Y' phonons are respectively A1g and E2g collective CC stretching vibrations localized on the sp-carbon domains of GDY. The combination of the + , + , coordinates of each i-th polyyne arm follows the characteristic pattern shown by the Effective Conjugation Coordinate (ECC) mode of polyynes, described as a collective simultaneous C≡C stretching/C -C shrinking of the bonds forming the chain ( + and oscillate in phase, while + vibrate out-ofphase). The properties of this mode have been widely discussed in the past [2, 25] , extending the treatment of vibrational dynamics developed for polyconjugated polymers a few decades ago [42] [43] [44] . In the A1g Y mode (2276 cm -1 ), all sp-carbon chains oscillate in-phase, according to the ECC coordinate. In the E2g Y' mode (2335 cm -1 ) the ECC vibrational pattern is repeated on the 6 polyyne segments with different relative phases, according to E2g symmetry. The sizeable difference in wavenumber of these two phonons (59 cm -1 ) indicates a non-negligible coupling among adjacent polyyne chains, caused by the interaction among the  electrons of the phenyl unit and of the attached sp-chains. This is supported by the calculation of the vibrational structure of a di-phenyl polyyne consisting of a linear chain having 4 sp-hybridized carbon atoms capped with two phenyl groups (i.e., the smallest structural unit defining GDY). The ECC mode of such model molecule is computed at 2368 cm -1 , much higher than the Y and Y' bands of GDY. This proves the occurrence in GDY of significant  electron delocalization across phenyl groups (see Supplementary Material) . The region below 1600 cm -1 is commonly assigned to stretching vibrations of the aromatic rings. However, phonons involving Ri coordinates, always show a remarkable coupling with "single" bonds stretchings of the polyyne arms (ri and Pi). The phonons of A1g symmetry are associated to the following Raman bands: -the D line (1490 cm -1 ) is assigned to a phonon described as the 1 ring breathing coupled to 1 + coordinates, namely to the stretchings of the CC bonds linked to the aromatic moiety. The 1 and 1 + coordinates vibrate out of phase, with a pattern very similar to that of the phonon associated to the D line of graphite/graphene. The 1 coordinate is also involved, to a lesser extent.
-the B line (983 cm -1 ), associated to the breathing mode of the phenyl units, out-of-phase coupled with the 1 coordinate. The 1 + coordinate is also involved, with a minor contribution.
The E2g Raman transitions are the following: -the G mode (1573 cm -1 ): it involves 2 coordinate of the phenyl units with in phase contribution by 2 + coordinate. The displacements pattern recalls that associated to the G line of graphene. -the weak G' mode (1382 cm -1 ); it also involves the 2 coordinate of the phenyl unit, as the G mode; the contribution from the polyyne chain involves 2 coordinate and, to a lesser extent, -two very weak bending phonons (573 cm -1 , 394 cm -1 ).
In the IR spectrum, since the 2 A2u modes practically show almost zero intensity (see Table S5 in the Supplementary Material) we essentially observe E1u phonons, namely:
-the Y IR band (2267 cm -1 ) assigned to the out-of-phase combination of 1 − and 1 − coordinates; focusing on individual polyyne arms, it can be described as the ECC mode with a node, located on the central CC bond; -the R band (1429 cm -1 ), which is mainly due to CC stretching of the bonds in the phenyl units ( 1 ) with out-of phase contribution of the 1 − coordinate; -the very weak R' transition (893 cm -1 ); it mainly involves the 1 coordinate (as the R band), coupled in-phase with the 1 − coordinate; a careful inspection of the vibrational patterns shows that a nonnegligible contribution by bending displacements affects the R' phonon; -two very weak bending phonons are computed at 419 cm -1 and 171 cm -1 .
The assignments here reported are the starting point for the discussion of the spectra of GDYNRs, and allow to discriminate among phonons characteristic of the bulk and phonons localized on the edges, which can be taken as markers of the spatial confinement.
Raman and IR spectra of GDYNRs: markers of confinement
The detailed analysis of Raman and IR spectra of A-and Z-nanoribbons presented here aims at discussing the existence of marker bands that could be taken as signature of spatial confinement and/or edge type (A-or Z-).
Raman spectra
We compare in Figure 5 the Raman spectra of A(n)-and Z(n)-GDYNR for increasing widths with the spectrum of 2D-GDY, discussed in the previous section. Starting from n = 2, both A(n)-and Z(n)-GDYNRs show strong bands which can be put in correspondence with the Raman bands of 2D-GDY, namely the bands in the typical region of sp-carbon diacetilenic segments (2000-2300 cm -1 range) and in the region of sp 2 carbon of the phenyls (1400-1600 cm -1 range).
2000-2500 cm -1 region. A strong doublet ( 2300 cm -1 ) correlates with the Y and Y' lines of 2D-GDY.
The strongest A1g band starts from 2307 cm -1 (2305 cm -1 ) in A(2)-GDYNR (Z(2)-GDYNR), and in the larger ribbons converges to a unique wavenumber (2285 cm -1 , about 10 cm -1 higher than Y line of 2D-GDY, and independent on edge topology -see Figure 5 ). The remarkable frequency dispersion ( 30 cm -1 ) from n = 2 to n =  (2D-GDY), suggests that this band is highly sensitive to  electron delocalization, thus indicating that there is a strong interplay between the  electrons of the polyyne arms and those of the aromatic rings. The effect of edge topology on the Y line can be appreciated only considering very thin ribbons (n = 1, 1.5). The higher wavenumber component of such doublet correlates with the Y' E2g line of 2D-GDY, and shows a less pronounced dispersion (10 cm -1 for A(n)-GDYNRs and 20 cm -1 for Z(n)-GDYNRs) while it is more sensitive to the edge type. In the case n = 1, the Y-Y' doublet merges in a single band predicted at 2344 cm -1 and 2371 cm -1 for A and Z species, respectively. This band corresponds to the ECC mode of the single unit of polyyne (oneunit cell) in the sp-carbon segment. Remarkably, the wavenumber of this mode in A(1)-GDYNR is significantly lower than the corresponding mode of the di-phenyl-polyyne model molecule (2368 cm -1 ), while it almost coincides for Z(1)-GDYNR. This complies with the effect of conjugation between  electrons of the polyyne chain and  electrons of the aromatic ring being more effective in the case of the para-substitution (see the discussion above on the band gaps). A thorough discussion on the physical effects ruling this behavior can be found in Ref. [35] .
The lowering of symmetry in GDYNRs with respect 2D-GDY, concurs to the activation of different modes, close in frequency and mainly contributing to the two main Y and Y' bands. Sometimes, weak additional bands can be identified (e.g., A(4), A(5), Z(2), Z(4)). The Y-Y' doublet cannot be taken as characteristic marker of a ribbon, because of its clear relationship with the corresponding doublet of the 2D crystal. However, the remarkable redshift observed with increasing width for both families of GDYNRs ( Figure 5 ) suggests that the position of Y and Y' could be a diagnostic tool regarding the width of GDYNRs, at least qualitatively. 850-1600 cm -1 region. Starting from A(3)-GDYNR and Z(2)-GDYNR, we clearly identify three bands: the first is very close to the G line of 2D-GDY (at 1571 cm -1 ), the second to the D band (at 1490 cm -1 ), and the third to the B band (at 983 cm -1 ). Several satellite lines also show up, which gives rise to a rather rich spectrum. This feature is ascribed to the presence of CH bonds on the edges of the ribbons, whose characteristic bending frequencies lye in this spectral region. By analyzing the vibrational eigenvectors of A(n)-GYNRs, we observe that the band at about 1570 cm -1 corresponds to the G mode vibration (ring stretching) of the "bulk" regions, whereas the band at about 1630 cm -1 is assigned to the same vibrational pattern, well localized on the edges and coupled to CH wagging vibration. A similar situation is found for the two lines at 1452 and 1499 cm -1 : the latter corresponds to the D line of 2D-GDY, and is associated to a "bulk" normal mode, whereas the former shows the same vibrational pattern, mainly localized on peripheral rings and coupled with CH wagging vibrations. Therefore, the lines at 1452 and 1630 cm -1 can be taken as markers of armchair edges and, as expected, their relative intensity decreases with increasing the nanoribbon width n. These lines are rather intense and should allow a reliable identification of A(n)-GDYNRs. Remarkably, thanks to its A1g symmetry, the 1630 cm -1 line shows a sizeable Raman intensity also for the largest A(n)-GDYNR here investigated (n = 5).
Figure 5: Comparison among the DFT computed (PBE0/6-31G(d)) Raman spectra of 2D-GDY, A(n)-GDYNRs (left) and Z(n)-GDYNRs (center) having increasing widths. The wavenumber values are not scaled. (right) Modulation of the DFT computed (PBE0/6-31G(d), unscaled values) wavenumber of the Raman Y bands predicted for armchair and zigzag GDYNRs as a function of their width. The wavenumber computed for 2D-GDY is also reported as a comparison.
Considering Z(n)-GDYNRs, the inspection of Figure 5 shows that the edge type significantly affects the shape of the Raman spectrum. In the Raman spectra of the thinner Z(n)-GDYNRs we observe two bands (1650 cm -1 , 1460 cm -1 ) that are the counterparts of the satellite bands observed for A(n)-GDYNRs. However, these lines are significantly weaker in Z(n)-than in A(n)-GDYNR, which would make more difficult the recognition of Z(n)-GDYNRs based on the Raman pattern.
IR spectra
In Figure 6 we compare the IR spectra of A(n)-and Z(n)-GDYNRs with the spectra of the 1D infinite polymers (A(1) and Z(1)) and 2D-GDY. 2000-2500 cm -1 region. For both edge types, the polymers A(1) and Z(1) do not show any IR band of appreciable intensity in the sp-carbon region above 2000 cm -1 . Starting from A(2) a band raises at about 2270 cm -1 , very close to the Y IR band of the 2D crystal. Similarly, in the IR spectrum of Z(n)-GDYNRs we find a rather strong Y IR band coming from two close phonons, computed at 2269 and 2277 cm -1 . Another IR peak at 2350 cm -1 is clearly observed for Z(n)-GDYNRs, corresponding to the IR active ECC mode localized on the edges. On the opposite, only a very weak additional absorption band is present for A(n)-GDYNRs. This behavior makes this feature a potential marker of Z edges. 850-1600 cm -1 region. The strong R band of 2D-GDY as well as the weak R' find a nice correspondence with two IR features of GYNRs, beginning with A(2) and Z(1.5).
The bands predicted at about 1270 cm -1 and 700 cm -1 in the larger A(n)-GDYNRs, even if weak, are significant markers of confinement. While many intense bands are predicted for Z(1), the bands below 1400 cm -1 are weaker in Z(n)-GDYNRs: as in the Raman, markers of Z-nanoribbons are difficult to identify, also with IR spectroscopy in this spectral region. A good marker of Z(n)-GDYNRs could be the band at about 1620 cm -1 , which results from the convolution of two bands computed at 1619 and 1626 cm -1 . In Figures 5 and 6 we highlight in red the more interesting IR and Raman markers of spatial confinement, which are often sensitive to the edge conformation. A brief discussion summarizing the spectroscopic marker bands allowing to distinguish between armchair and zigzag GDYNR is reported in the Supplementary Material.
Effects of the edge groups
In addition to the spectral region above 1000 cm -1 , the IR spectra show another frequency range where significant features could be analyzed to discriminate between GDYNR with different edges. In particular, it was shown in Ref. [45] that, similarly to CH stretchings located in different intramolecular environments [46] , also out-of-plane (opla) CH bending normal modes (600-900 cm -1 range) are influenced by the molecular topology. In particular, in the case of polycyclic aromatic hydrocarbons (PAHs), out-of-plane CH bending (hereafter referred as opla) modes bring significant information about the edge: indeed, depending on the edge topology different "types" of vibrational patterns, associated to IR transitions, can be identified, each one at characteristic wavenumber. These vibrational patterns are sketched in Figure 7 and are described as collective out of plane displacements of one, two, or three adjacent CH bonds. In the literature, they have been named SOLO, DUO and TRIO [47] . In PAHs, TRIO modes are located at lower wavenumbers than SOLO modes while DUO vibrations are located between these two extremes. Moreover, since these modes are out-of-plane vibrations (orthogonal to the plane of π-conjugated atoms) and are completely localized on terminal CH bonds, they are not affected by π-electron delocalization. Therefore, the same behavior observed in PAHs, should be found also in the case of GDYNR. We report in Figure 7 the analysis of the 750-950 cm -1 range for 2D-GDY, A(3)-and Z(3)-GDYNR. Even if the opla CH bending vibrations give contributions to the IR spectra weaker than the bands above 1250 cm -1 (see the bottom left panel of Figure 7 ), the bands between 750 and 950 cm -1 are non-negligible and are potentially measurable. By analyzing more in details this region, we observe significant differences between A(3)-and Z(3)-GDYNR. A(3)-GDYNR shows two bands at 850 cm -1 and 905 cm -1 : the latter is reminiscent of a band found in 2D-GDY and it is due to a bulk mode of carbons atoms. As expected, the band at 850 cm -1 is an opla CH bending vibration, and it belongs to the DUO pattern. In the case of Z(n)-GDYNR, four IR bands are found (807, 863, 896 and 906 cm -1 ). The bands at 863 cm -1 and 896 cm -1 are related to bulk modes of carbon domains, while the intense band at 807 cm -1 and the shoulder at 906 cm -1 are assigned to pure opla CH bending vibrations. In full agreement with the behavior of PAHs, the band at 807 cm -1 is associated to TRIO moieties and the band at 906 cm -1 to SOLO moieties. Based on these results, we infer that the analysis of IR spectra below 1000 cm -1 would allow to detect useful markers able to clearly discriminate A(n)-GDYNR from Z(n)-GDYNR. We also note that a similar spectroscopic signature is predicted also for Raman-active opla CH bending vibrations. However, their Raman intensity is very weak and probably not measurable.
Summary and Conclusion
State-of-the-art periodic boundary conditions DFT calculations have been used in this paper to compute the band gap and the vibrational response of 2D γ-GDY and related nanoribbons with different widths and edge-type. We have obtained the following results:
1. The band gap of 2D-GDY (γ-GDY) computed at HSE06/6-31G(d) level of theory (hybrid functional, Gaussian basis set) provides a reliable band gap (1.11 eV), in very good agreement with the value of 1.1 eV obtained by using the GW method.. 2. We have computed the trends of the band gap as a function of the GDYNRs width, for both armchair (A) and zigzag (Z) edge. The obtained trends can be rationalized based on the different structures, and comply with the band gaps of the polymers A(1)-GDYNR and Z(1)-GDYNR, taken as the n = 1 width limit. 3. Raman and IR spectra of 2D-GDY have been computed, assigned and discussed in detail, showing a good agreement with available literature data. These spectra can be taken as a reference for the investigation of confined systems and for the interpretation of experimental measurements. 4. We have computed the Raman and IR spectra of GDYNRs with different width and edge. We have unveiled Raman markers of A(n)-GDYNR at 1630 cm -1 and 1450 cm -1 , whereas the weak bands computed at 700, 1270 and 1405 cm -1 are IR markers. In the case of Z(n)-GDYNRs, Raman markers are too weak to be of experimental interest, while the most significant markers are found in the IR spectrum at about 1620 and 2350 cm -1 . The Raman bands above 2200 cm -1 display an evident redshift for increasing GDYNRs width; hence their position can be useful for a qualitative assessment of the GDYNR width. Apart from minor details, no significant difference has been found in the spectroscopic response of integer vs. half-integer Z(n)-GDYNRs. Finally, IR-active CH out-of-plane modes have been found to have a characteristic dependence on the edge type, providing another significant marker for the characterization of GDYNR.
Our results are relevant as reference spectra of confined GDY-systems, suggesting that both Raman and IR techniques are useful tools for the identification of nanoribbons or to check for the existence of confinement phenomena in 2D-GDY. Our results indicate that it is possible to discriminate systems having different edges, suggesting the application of vibrational spectroscopy for the characterization of topology. 
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